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Abstract:
In this paper, a double-layer aperiodic metallic grating is designed and the focusing performance is numerically researched using the finite-difference time-domain method. A sub-wavelength focusing spot is achieved and the depth of focus is twice the length of the incident wavelength. With its ease of fabrication, the designed aperiodic double-layer metallic grating has great potential in applications such as data storage, laser direct writing and optical probe.
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Introduction
Breaking the optical diffraction limit to obtain sub-wavelength scale focusing spot has attracted considerable interest for applications in nano-lithography, laser direct writing, data storage, etc. [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12] . Based on super oscillation theory, an optical planar mask with a quasi-crystal array of nanoholes was previously designed to achieve a super-resolution focusing spot [13] . However, its application was limited by the low energy efficiency. An alternative approach is the realization of sub-wavelength focusing based on surface plasmon polaritons (SPPs). In 2007, super-resolution was achieved in the visible frequency region using a super lens formed from a plasmonic microzone plate structure fabricated in a silver film [14] . In addition, radiation-less electromagnetic interference was proposed and shown experimentally to be capable of subwavelength focusing to λ /20 in the 1GHz range [15, 16] . In 2010, a similar theory was used to design a near field focusing plate in the visible frequency region [17] . Unfortunately, the application of many nanoscale devices is limited by the inherent difficulty of their fabrication. For example, the maximum aspect ratio of the aforementioned focusing plate with sub-wavelength slit is as large as 50:1, which limits its realization [18] .
In this paper, a double-layer aperiodic metallic grating is proposed to achieve super-resolution focusing while maintaining a much smaller aspect ratio. To study the designed grating structure, we employ the finite-difference time-domain method (FDTD Solutions, Lumerical Inc.) [19] . For incident light of wavelength 650 nm, a sub-wavelength focusing spot is obtained and the depth of focus (DOF) is twice the incident wavelength (1.37 m µ ). Most importantly, the difficulty of fabricating and assembling the device is greatly reduced due to the much smaller aspect ratio. The double-layer aperiodic metallic grating structure for sub-wavelength focusing therefore has a promising future for data storage, laser direct writing and optical probing.
Methods
To achieve a focal spot, the phase of the transmitted beam satisfies the equation:
where f and y represent the focal distance and the position of a slit along the y axis in Fig. 1(a) , respectively. λ is the wavelength of the incident light in vacuum. The phase of the beam passing through the gold film can be controlled by the width of the slits, considering the generation of SPPs by the TM wave [18] . After passing through the grating structure, the beam will radiate into the space. The relation between the phase retardation in the slit and the slit parameters is determined by the following equation:
where w is the slit width of the metal film and β is the propagation constant of SPPs in the slit. 0 k is the propagation constant of the incident beam in vacuum, and m ε is the relative permittivity of the metal. The real part of the complex quantity β determines the phase shift in the slit, while the imaginary part determines the energy loss. As is shown in Fig. 1(a) , d is the thickness of the film. Thus d β is the phase shift of a beam travelling through the slit.
To obtain a high electric intensity at the focusing point, the thickness of the metallic film should be optimized. According to the previous research, the relation between the transmittance and thickness of the metallic film will satisfy the formula below [20] cos(k t ) 2
where i E is the electric intensity of the incident beam and t represents the thickness of the metal film.
SPP k is the propagation constant of SPPs. Fig. 1(b) is the transmission curve which shows a damped oscillatory tendency as the thickness of the metal film is increased from 100 nm to 800 nm.
As is shown in Fig. 1(b) , despite the clear difference in transmission of gratings with different slit widths, the tendencies are consistent. For example, when a gold film with a thickness of 440 nm is illuminated by an incident beam with a wavelength of 650 nm, the transmission will reach a local maximum.
In addition, when a film with of thickness of d is composed of two films of thicknesses d 1 and d 2 , so that d=d 1 +d 2 , a new relation for phase retardation is obtained as following:
Eq. 4 implies that the phase retardation is linear with the total thickness of the multi-layer structure.
As an illustration, a film with a thickness of 440 nm is divided into two films with equal thickness. The transmission of this double-layer grating is calculated according to the intensity distribution curve.
According to numerical calculations, the light coupling effect between the two layers can be neglected in designing the grating structure.
Results
To verify the assumption of the linear relation between the thickness of the multi-layer structure and the phase shift, a double-layer aperiodic gold grating structure was built and calculated by FDTD. The diagram of the double-layer aperiodic gold grating is shown in Fig. 2 . The double-layer structure's lateral distribution of slits is exactly the same as that of a single-layer aperiodic grating with a thickness of d. The separation between the two layers along the x axis is 100 nm, represented by a. The dielectric layer is air and the separation between the slits is 60 nm, represented by s; the minimum width of the slit is 20 nm and the wavelength of the TM mode incident beam is 650 nm. According to the Drude-Lorentz model, the relative permittivity of gold is -12.9+1.2i [21] and the refractive index of air is 1.
The near field electric field intensity distribution of the double-layer grating is illustrated in Fig. 3 . A focal point is shown at the transmitted side because of the phase modulation of the slits. In Fig. 4(a) , the maximum electric field intensity occurs at x=2.9 m µ . The maximum electric field intensity is 3.75
times that of the incident beam. The DOF, which is defined as the range having 80% of the maximum intensity, is 1.37 m µ . The full width at half maximum (FWHM) is 533 nm, as shown in Fig. 4(b) . Here the origin is chosen as the middle point of the second layer's exit facet. The FWHM at the focal plane is the same as that of a single layer, and the transmission remains the same. Therefore, the double-layer structure maintains the high focusing performance while significantly reducing the maximum depth-to-width ratio. In this case, the maximum required depth-to-width ratio is only 10:1.
Discussion
The tolerance of alignment of the two layers is calculated considering the lateral shift along x axis x δ , the lateral shift along y axis y δ and the rotation error δθ . As shown in Fig. 5 , the lateral shift along x axis, x δ can be allowed to vary from -25 nm to 25 nm, while y δ can be allowed to drift by as much as 20 nm. As for the rotation error, it can be seen from the simulation results that the requirement for the relative position between the two gold layers is relatively flexible. According to the alignment error tolerance calculation results shown in Table 1 , the spot position and size both change slightly. The spot FWHM will see a slight increase as the front gold film moves along the x axis or rotates around its center. However, the coordinate of the focusing spot varies as the shift direction of the front film changes. The two dimensional electric field distributions for each case of alignment error are shown in Fig. 6 . The distribution of electric field in different cases is nearly the same. According to the data analysis, the alignment error has a negligible impact on the focusing performance. As the double-layer structure is not sensitive to alignment error, we have more freedom to determine the method used for attaching the back layer to the front one. Here, we assume it is air filling in the slit and separation. Other materials such as adhesive can be used as the dielectric layer as well.
A wider slit width and gold wall should also increase the lateral shift error tolerance, for such structure reduces the fraction of light, which should have travelled through the wrong slits beside the target slit and then generated unexpected phases. A wider gold wall will increase the aperture of the metallic lens and the cost. A wider slit will result in a smaller phase retard, leading to the need for a thicker metallic film. Therefore, the minimum width of the structure and the lateral shift error tolerance should be balanced.
Conclusion
A double-layer aperiodic metallic grating has been designed and investigated theoretically. According to the simulation result, based on the FDTD method, both long DOF and spots with sub-wavelength FWHM are achieved simultaneously. As the required maximum depth-to-width ratio is half of that of a single layer with the same slit distribution, the proposed grating structure is easy to fabricate. Different types of alignment errors including the lateral shift along the x axis, the lateral shift along the y axis and the rotation error between layers and their influence on the focusing performance are discussed in detail.
The proposed double-layer gold grating structure has the advantage of high focusing performance and ease of fabrication and assembly. It is expected to be widely used in data storage, laser direct writing and optical probe in the future. 
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